Gas transport through porous coal contains gas laminar flow in the cleat network and gas adsorption/diffusion in the matrix block. Since permeable capacity of the cleat is greater than that of the matrix, change of the matrix pressure readily lags behind change in the cleat pressure. Such unsynchronized pressure changes can result in a complex compatible deformation of a cleat-matrix system, significantly affecting the coal permeability. In this paper, we investigated the cleat-matrix interaction on coal permeability by using a modified pressure pulse decay method integrated with numerical analysis. The experimental results indicate that the bulk volume of the coal sample rapidly expanded at the beginning of gas injection, and then the volume expansion rate of the coal sample slowed down as the downstream pressure of the coal sample gradually equilibrated with the upstream pressure. During this process, the coal permeability was observed to gradually decrease with time. Numerical analysis results indicate that gas transport from the cleat to the matrix can attenuate the differential pressure between the cleat and the matrix. A smaller ratio of initial matrix permeability to initial cleat permeability can prolong decay duration of the differential pressure inside the cleat-matrix system. Although the coal sample is subjected to a stress-controlled condition, the coal permeability response to gas diffusion is closer to the case using a constant volume boundary. The dynamic change of coal permeability is significantly affected by the cleat-matrix interaction, in cases where the short-term change is mainly attributable to the cleat network and the long-term change is controlled by matrix swelling/shrinkage.
Introduction
Coal bed methane is an unconventional gas whose storage/transport in a coal reservoir is different from that in a carbonate reservoir. Given that coal permeability is predominated by cleats, it is commonly assumed that the Darcy flow is a result of flow in the cleat system and that the contribution of flow in the coal matrix to the Darcy flow can be neglected. According to considerable labora-tory measurements and field observations, coal permeability is controlled by two factors: the pore pressure change can alter effective stress and consequently increase or decrease the bulk volume of the coal [1] [2] [3] [4] [5] [6] [7] ; gas adsorption/desorption can swell or shrink the coal matrix, which can compress or close the cleat aperture. Of these two factors, gas adsorption has a greater impact on coal permeability. During coal bed methane extraction, gas in the cleat network first discharges, causing a drop in the reservoir pressure, which in turn leads to gas transfer due to gas gradients between the matrix and the cleat. Current assumptions on the mass transfer between the matrix and the cleat can be categorized into (i) equilibrium state, (ii) nonequilibrium and pseudosteady state, and (iii) nonequilibrium and nonsteady state.
(i) The equilibrium state assumption is that gas adsorption/desorption on the matrix occurs instantaneously. Here, the matrix pressure is always equal to the cleat pressure [8] [9] [10] . Under this assumption, the effective stress of the bulk coal is usually expressed as σ e = σ − ξp, where σ e is the effective stress, σ is the total stress, ξ is the Biot coefficient, and p is the pore pressure. In order to simplify the calculation, α is set to unity. This means that interconnected pores of the coal matrix is well developed. The gas-bearing coal matrix provides a mass source term for the gas flow equation [11] via gas adsorption/desorption. This assumption ignores the gas supply hysteresis effect from the matrix blocks and consequently underestimates coal permeability (ii) The nonequilibrium and pseudosteady state assumption is that a time-dependent gas transfer is driven by pore pressure gradient between the coal matrix and the cleat [12] . The cleat pressure shares the same finite mesh element with the matrix pressure, which is relevant to the numerical modeling of coal permeability evolution. This assumption not only can investigate gas mass exchange between the matrix and the cleat but also can simulate the gas diffusion process in the coal matrix [13] [14] [15] . The advantage of this assumption is that it is applicable to dualporosity media. However, the pseudosteady state assumption is unable to interpret inhomogeneous deformation behavior of the matrix block when the size of the coal matrix becomes larger (iii) The nonequilibrium and nonsteady state assumption is that coal matrix pressure changes dynamically and the gas flow rate is proportional to the pressure gradient. Under this assumption, both the matrix pressure and the cleat pressure can be set as an independent variable in their respective computational domain [16] [17] [18] [19] [20] [21] . The geomechanic properties of the matrix block such as size and permeability also affect the tempospatial distribution of pore pressure. For instance, the pressure gradient attenuation will become faster when the matrix permeability increases. As a result, the gas transfer between the matrix and the cleat is likely to decay rapidly. In this case, deviation from the equilibrium state model (Assumption I) and the nonequilibrium model (Assumption II) may be negligible. In fact, gas permeability of the coal matrix is extremely low. Moreover, the coal matrix size is not small enough to ignore. If the equilibrium state model is used, then the gas flow in the cleat is possibly overestimated. Therefore, it is necessary to study tempospatial gas transfer and its impact on the evolution of porosity/permeability of coal Most permeability measurements on porous media are required to be conducted when the pore pressure reaches the equilibrium state [22] [23] [24] [25] [26] [27] [28] [29] [30] . This requirement suggests that both the matrix pressure and the cleat pressure are held constant during testing. Micro-CT imaging shows that the pore structure of the coal matrix consists of connected pores and nonconnected pores [31, 32] . The gas pressure of the connected pore system is readily increased up to the cleat network pressure, while the gas pressure in nonconnected pores remains at the initial value. Under such conditions, the pore pressure of coal is characterized by nonlinear distribution. Gas diffusion in the matrix takes a longer time to reach the equilibrium state, which causes the matrix pressure to lag behind the cleat pressure. The unsynchronized changes in effective stress between the matrix and the cleat can alter coal permeability by the matrix deformation narrowing/widening the cleat aperture. To resolve these issues, several researchers introduced a deformation coefficient into the matchstick model to evaluate the impact of adsorption-induced deformation on the cleat aperture [33] [34] [35] [36] . Although these models can investigate the cleat-matrix interactions induced by matrix swelling, the effective stress-controlled matrix deformation on coal permeability has received little attention. Therefore, it is challenging to create accurate reservoir simulations of this behavior. This permeability variation is also important for enhanced coal bed methane such as N 2 and CO 2 that are injected to improve recovery of reservoir gases.
In our previous studies [37, 38] , gas permeability evolution resulting from competition between gas adsorption effect and mechanical compression has been investigated by using numerical modeling. We also observed the deformation evolution of porous structure of coal sample during gas injection process [39] . It is experimentally found that gas convection between the matrix and the cleat can dynamically control bulk deformation of coal. These findings reveal the gas permeability change induced by gas unsteady flow process. Conventional laboratory permeability measurements only provide relation of permeability and gas pressure/effective stress, which can estimate cleat compressibility under steady-state flow condition. Therefore, in this paper, we modify the pulse decay method [40, 41] by intermittently measuring coal permeability under two geomechanical conditions: constant confining stress and constant differential pressure, respectively. It is aimed at revealing the impact of dual-pore structure deformation on gas permeability change, due to gas transport from unsteady-state to steady-state flow. In order to minimize the sorption-induced swelling effect on solid deformation, this paper uses helium to measure coal permeability. This method can precisely evaluate the interaction of gas seepage/diffusion and porous structure deformation. Combined with the numerical simulation method, cleat-matrix interaction on the dynamic evolution of coal permeability is investigated for gas flowing from an unsteady state to a steady state. The present work also gives insight into how the evolution of coal permeability is associated with the dual-pore pressure system. [39] . Permeability measurements are completed on high-volatile bituminous coal (2.5 cm in diameter and 5.0 cm in length) cored from a block collected from the Juye coalfield in eastern China. To obtain distribution characteristics of coal cleat, the full-sized sample was scanned by using Nano-2000 X-ray machine. The X-ray machine has a resolution of 0.05 μm. The CT voxel data were first converted into a series of CT images and then analyzed using Avizo software. A digital coal sample was reconstructed as shown in Figure 1 (a). Threshold segmentation was used to define the cleat network of the coal sample from the voxel data ( Figure 1(b) ). Mean porosity along the axis of the coal sample is plotted in Figure 1 (c). The mean porosity of the overall coal sample is 2.6%. It seems to indicate that the coal sample has few visible cleats. The experimental setup is schematically shown in Figure 2 . This facility consists of a Hassler-type core holder, two syringe pumps, a fluid-injection system, and a dataacquisition unit. A strain gauge was attached along the circumferential direction of the coal sample. The lateral surface of the coal sample was packaged by a rubber sleeve. The two ends of the sample were fully constrained by two end lugs of the core holder. The flow measurement system is composed of a gas source, a reference cell, and upstream/downstream pressure reservoirs. The two end plugs are connected to the upstream and downstream pressure reservoirs. The dataacquisition unit collects coal strain data, the upstream/downstream pressure, and the pressure/flow of the fluids injected from the syringe pump.
Experimental
Procedures. The experimental conditions were divided into two conditions: (i) keeping the differential pressure between the confining stress and pore pressure at 2 MPa; (ii) increasing injection pressure under constant confining stress. The constant differential pressure condition can enable the cleat network of coal to be subjected to constant effective stress. Under this condition, the effective stresscontrolled cleat deformation is eliminated, and gas diffusion is believed to be an important reason for the evolution 3 Geofluids of coal permeability. For other condition, the effective stress decreases as the gas pressure increases. This approach is used to study the dynamic permeability in the process of gas injection/depletion.
Predetermined confining stress and pore pressure are listed in Table 1 . The testing procedure was divided into two steps as follows:
(1) The first step was to inject gas into the coal sample.
Predetermined confining stress was applied to the sample. Once the compressive strain of the coal sample became stable, helium gas was allowed to flow into the coal sample. The coal strain was measured in real time and recorded as the downstream pressure rose to the upstream pressure
(2) The second step used the pulse decay method [22] to measure coal permeability. This method observes the decay of the differential pressure between upstream and downstream vessels connected to the coal sample. The pressure decay curve can be modeled as
Here, P u − P d is the difference between the upstream pressure and the downstream pressure, P u0 − P d0 is the initial difference between the upstream pressure and the downstream pressure, t is the time, and α is
where k is the permeability, β is the compression coefficient, L is the sample length, A is the sample sectional area, and V u and V d are the upstream gas volume and the downstream gas volume, respectively. Coal permeability can be calculated by combining equations (1) and (2) . The pulse decay method above is required to generate a slight pressure gradient in a coal sample by increasing the upstream pressure and decreasing the downstream pressure simultaneously as shown in Figure 3 (a). It is difficult to control the final equilibrium pressure between the upstream and the downstream reservoirs using this method. To obtain time-dependent cleat-matrix interaction, it is necessary to measure the coal permeability evolution with time under the same pressure condition. For this reason, a modified pulse decay method was used by only reducing the downstream pressure slightly while holding the upstream pressure [42] as plotted in Figure 3 (b). In this case, the volume of the upstream reservoir V u is infinite. 1/V u is approximately equal to zero. Equation (2) can be simplified as follows:
After the upstream and downstream pressures reached equilibrium, the coal permeability measurement was repeated until the permeability became stable to obtain the evolutionary pattern of coal permeability. Figure 6 shows that the duration of pressure equilibrium became significantly shorter as the injection pressure increased under constant confining stress conditions. This means that the increasing pore pressure can open the cleat aperture, accordingly causing gas flow to accelerate. In contrast, under the constant differential pressure condition, the pressure equilibrium duration moderately decreased as the injection pressure increased. This phenomenon indicated that application of the constant difference pressure condition can keep the cleat aperture unchanged, in which case the gas flow is predominated by the aperture of gas flow pathway rather than pore pressure.
Bulk deformation of the coal sample is significantly related to its pore pressure change. Time-dependent evolution of the coal strain can be used to characterize gas flow through a specific porous structure. At the very beginning of the gas injection, the coal sample was found to rapidly swell. This is explained by an increase in cleat pressure controlled by Darcy's flow. The expansion deformation rate then slowed down as the downstream pressure gradually increase to the upstream pressure. This dynamic change of the solid deformation can reveal the gas flow process within the dual-porosity system: the injected gas can occupy the cleat network firstly and then migrate into the matrix system. These observations are consistent with previous publications [43] [44] [45] [46] that the gas diffusion within the coal matrix also play a significant role in the deformation of bulk coal. Figures 7 and 8 show the coal permeability evolutions with respect to time under the two geomechanic conditions, respectively. In either condition, the coal permeability is observed to decrease firstly and then tend to be stable at the same injection pressure condition. When the confining stress remains unchanged, higher pore pressure was applied; the measured permeability was greater. It can be explained by opening of the cleat aperture due to decreased effective stress. 
Geofluids
In contrast, when the confining pressure-pore pressure difference was unchanged, higher pore pressure was applied; the measured permeability was lower. The observations are consistent with previous publications [47] . Relevant analysis and explanations are presented in Section 4.1.
It should be noted that the presented pulse decay method is required to not measure gas permeability until the cleat network pressure reached the equilibrium state. The dynamic change of the gas-solid system is only analyzed by adopting a numerical approach to gain insights into the cleat-matrix interactions triggered by fluid transient flow. In the following, a fully coupled numerical model is applied to explore the dynamic change of gas permeability, to numerically simulate the cleat-matrix interaction under various boundary conditions, and finally to compare the results with those from laboratory measurements.
Numerical Analysis
Given that a dual porosity coal contains porous matrix and fractures, we apply the overlapping continuum approach to characterize the interactions between the matrix and the fracture [48] . The following assumptions are derived: (a) bulk coal containing matrix and fractures are homogeneous, isotropic, and elastic; (b) solid strain is infinitesimal; (c) injected helium is ideal gas; (d) gas flow is followed by Darcy's law. Therefore, we define a full set of field equations that govern solid deformation and gas flow. These four continua are 
Governing Equations

Governing Equations of Cleat and Matrix Deformation.
Based on the poroelastic theory [49] , the constitutive relation for matrix and fracture can be defined as the following, respectively [10, 48, 50] :
where G m = E m /ð2ð1 + υ m ÞÞ and G f = E f /ð2ð1 + υ f ÞÞ are the shear modulus of the matrix and cleat systems, respectively, E m and E f are Young's modulus of the matrix and cleat systems, respectively, and υ m and υ f are Poisson's ratios of the matrix and cleat systems, respectively. K f and K m are the bulk modulus of the cleat and the matrix, respectively. p f is the pore pressure in the cleat, and p m is the pore pressure in the matrix. Δp = p f − p m is the differential pressure between the fracture and the matrix. δ ij is the Kronecker. ξ f and ξ m are Biot's coefficients of the cleat and the matrix, respectively. σ kk is the total stress. 
Geofluids
The volumetric strain of the coal block is as follows:
where ε 11 , ε 22 , ε 33 are the principle strains. Based on this constitutive equation, the gas transfer process in the coal block can be considered the process of coupling change from the cleat and the matrix that resulted from the dynamic change between the cleat and the matrix pressures.
Flow Equation.
Based on Darcy's Law, the flow equation of gas in coal is divided into gas flow in the cleat network for equation (6a) and gas flow in the matrix block for equation (6b):
where ϕ f and ϕ m are the porosities of the cleat and matrix systems, respectively, ρ f and ρ m are the gas densities of the cleat and matrix systems, respectively, v f and v m are Darcy's rates of the cleat and matrix systems, respectively, and Q is the mass exchange parameter of the cleat and matrix systems. The relation of permeability and porosity is followed by the cubic law [51] :
The dual porosity of the coal cleat-matrix system is related to their respective effective strains [45, 52] .
where Δε f e is the effective strain of the cleat and Δε me is the effective strain of the matrix, respectively. The effective strain of fractures is the resultant of the coal global strain and the fracture local strain. The fracture local strain is the compressive strain of the matrix block, causing fracture aperture to increase. The fracture local strain is defined as
Similar with fractures, the effective strain for pores inside of matrix blocks is
where the first term represents global strain obtained from equation (4b), the second term is the compressive strain of matrix blocks resulting from the differential pressure between cleat and matrix, and the last term demonstrates the compressive strain of coal grains. They are functions of fracture and matrix pressure which could be solved from the equation of gas flow in fracture networks and equations of matrix fracture mass transport. Substituting equation (9a) into equation (8a), the permeability equation for the cleat is given by equation (10a).
Similar with fractures, the permeability equation for the matrix is given as equation (10b), by substituting equation (9b) into equation (8b):
The used coal sample in laboratory measurement is a cylinder with a diameter of 25 mm and a height of 50 mm. Given the mechanical/geometrical symmetry of the coal sample, the 3-D geometry could be simplified by the 2-D rotation model, as shown in Figure 9 . The position of point of interest is the center point of the 3-D geometry. The injection pressure, p inlet , is applied at one-end boundary, and no flow boundary is set on other-end boundary. The initial pressure for both fracture networks and matrix blocks is p 0 . The confining pressure is applied on the lateral surface of the coal sample. This boundary condition allows the domain to radially deform. Input parameters for simulations are listed in Table 2 . Figure 10 including (a) force balance between the matrix and the cleat, (b) matrix-fracture deformation compatibility, and (c) gas mass exchange between the matrix and the fractures. The relation of force balance between the matrix and the fractures and matrix-fracture is highly affected by the pore pressure of the fracture and the matrix. The equation of deformation compatibility is given in equation ((4a)) and ((4b)). The function of gas mass exchange between the matrix and the fractures is defined as [53] 
where a is a shape factor and k m is the matrix permeability. Figure 10 shows the coupling relationship between multiple process flows and two solid deformations. Detailed interactions between different physical fields are summarized as follows:
(a) The interaction between the solid deformation and the gas flow is concurrently affected by pore pressures of the fracture and the matrix. The bulk deformation of coal varies with changes in fracture pressure p f and matrix pressure p m . Accordingly, the coal deformation also affects the change in pore pressure of fracture and matrix by changing the permeability of fracture and matrix (k m and k f ) (b) The interaction between cleat deformation and matrix deformation is controlled by the differential pressure and the geomechanic properties of fracture and matrix. Cleat aperture will be opened or narrowed by the matrix deformation caused by change of the matrix effective stress (c) The gas flow between the fracture and the matrix is defined by the gas mass exchange terms Q. Due to the different permeable capacities between fracture and matrix, the gas flow rate in the fracture is faster than that of the matrix, which will lead to the existence of ðp m − p f Þ to promote the gas mass exchange between them 3.2. Model Verification. Figures 11 and 12 show the entire evolutions of gas permeability from gas seepage to gas diffusion under the respective geomechanical condition. The permeability evolution process is separated into two stages: During the stage I, preferential flow of the injected gas through the cleat network can increase the cleat pressure rapidly, consequently increasing the cleat aperture and its permeability. Meanwhile, the matrix blocks might suffer from bulk compression exerted by the cleat pressure. The growth of the matrix pressure is lagging behind the cleat pressure. Consequently, the differential pressure continuously increases during this stage. For the stage II, the cleat pressure reaches to the predetermined value. The injected gas begins to diffuse into the matrix, increasing the matrix pressure and the matrix permeability to a different degree. Meanwhile, the differential pressure between cleat and matrix evolves from increase to decrease. As mentioned previously, the precondition of the pulse decay method is to ensure the pore pressure to uniform over the entire coal sample before measurements. For this work, it is not until the cleat pressure reached an equilibrium state that the permeability measurement was carried out, corresponding to the third stage of modeling permeability evolution. As shown in Figures 11 and 12 , the permeability in the third stage is consistent with the experimental data, which confirms the reliability of the numerical model.
Discussion
Deformation Behavior of Bulk Coal Affected by
Permeability Difference between Cleat and Matrix. The coal 8 Geofluids strain evolution can provide essential information to accurately evaluate the pore pressure equilibrium process within the coal sample. Figures 4(b) and 5(b) show that the coal strain increased nonlinearly with time. This phenomenon indicates that the gas flow process was under an unsteady state. Given that the gas flow rate is positively correlated to changes in pore pressure in the cleat-matrix system, we used different ratios of initial cleat permeability to matrix permeability to reveal the cleat-matrix interaction. Figure 13 shows that when the initial matrix permeability value is set at 0.2 μD, the growth of coal strain undergoes a fast-to-slow shift. During this period, the different pressure between cleat and matrix also experiences a change from increasing to decreasing. If the initial matrix permeability is decreasing, then the attenuation duration of the differential pressure is extended. Similarly, transition duration of the coal strain from rapid increase to slow increase is also prolonged. Differential pressure (Pa) Figure 13 : Parameter analysis of responses of bulk deformation of the coal sample to different initial matrix/cleat permeability ratios.
Geofluids
The pore pressure distribution of coal sample experiences a transition from local pressure equilibrium (the cleat pressure equilibrium) to global pressure equilibrium (the cleat-matrix pressure equilibrium). As a result, the coal permeability decreased under the same geomechanical condition. For the permeability-time dataset shown in Figures 11  and 12 , the first permeability data point is measured once the cleat pressure reaches the equilibrium state. This permeability value is treated as initial equilibrium permeability. The last permeability data point is not obtained until the matrix pressure reaches the equilibrium state, whose data is the global equilibrium permeability. To quantify the impact of the pore pressure equilibrium transition on the coal permeability, we plotted the local/global equilibrium permeability data with respect to pore pressure, as shown in Figures 14  and 15 .
At the cases of constant confining pressure conditions, both the local equilibrium permeability and the global equilibrium permeability increased with increasing pore pressure. In contrast, both the local equilibrium permeability and the global equilibrium permeability values decreased with increasing pore pressure when the differential pressure remained unchanged. This phenomenon can be explained by increasing effective stress resulting from Biot's coefficient being less than unity [47] . In general, laboratory test conditions of constant effective stress are achieved by maintaining the difference between the confining stress and the pore pressure unchanged. This method is applicable for unipore media assuming Biot's coefficient to be unity. In fact, Biot's coefficient of coal is usually less than unity because the coal matrix also contains a number of unconnected/closed pores. Then, the pore pressure term of effective stress equation is required to multiply Biot's coefficient. Consequently, σ e = σ − ξp increases with increasing pore pressure. In this case, an exponential relationship between permeability and effective stress has been widely applied [54, 55] :
where k 0 is the initial permeability, c f is the compressibility, and b is the effective stress coefficient. When the exterior stress is unchanged, equation (12) becomes
When the different pressure ðΔσ − pÞ is unchanged, equation (12) becomes
Using equations (13) and (14), the initial permeability k 0 , the fracture compressibility c f , and the effective stress coefficient b are obtained from the measured permeability results, respectively. Associated fitted parameters are listed in Table 3 . The initial permeability of the local equilibrium state is greater than that of the global equilibrium state from the same set of measurements. This indicates that if the pore pressure of the coal sample does not reach the global equilibrium state, then the gas permeability may be overestimated by applying the pore-pressure-dependent model. In addition, both fracture compressibility and Biot's coefficient have no correlation with the pressure equilibrium state in general from the data analysis above.
Implication of Cleat-Matrix Interaction on Permeability
Evolution. Extensive experimental results show that gas adsorption-induced matrix swelling has a significant impact on the dual-porosity structure of coal and its permeability [56] . Laboratory measurement permeability results are usually interpreted by a matchstick or cubic geometry model that the coal matrix blocks are assumed to be completely separated by through-going fractures. Under this assumption, the matrix swelling is unable to change fracture aperture and its permeability. This is because, for a given pore 11 Geofluids pressure, the ambient effective stress also exerts no influence on the effective stress of matrix. However, this explanation is not consistent with the laboratory observations, which show a dramatic reduction in permeability as the injected helium diffuses into the matrix blocks. Therefore, it is necessary to numerically model the impact of gas adsorption. Liu et al. [45] assumed two extreme cases including freeswelling boundary and constant volume boundary to evaluate the cleat-matrix interaction. Under the free-swelling case, matrix swelling deformation has no influence on the cleat aperture. The theoretical solution for the permeability is derived as
Under the constant volume case, the absolute value of the change in the matrix deformation is equal to that of the cleat deformation. The contribution of matrix swelling to cleat aperture is 100%, and the cleat permeability can be expressed by equation (13):
Solutions of these two cases are illustrated in Figures 16  and 17 , respectively. For the constant confining stress condition, both the cleat effective stress and the matrix effective stress decrease with increasing injection pressure. For the case of free swelling, the cleat permeability increases due to no influence between the cleat and the matrix. At the case of constant volume, although the swelling deformation of the matrix can fully contribute to narrowing of the cleat aperture, the residual aperture of the cleat is still proportional to the injection pressure. For the constant different pressure condition, the cleat effective stress aperture is always unchanged. In the case of free swelling, the cleat aperture is not affected by matrix swelling. As a result, the permeability remains unchanged. For the case of constant volume, swelling deformation of matrix increases with the injection pressure rising consequently narrowing the residual cleat aperture. The cleat permeability slightly decreases. Figures 16 and 17 show that the measured permeability data fall into envelope areas between the free-swelling case and the constant volume case. Under the same injection pres-sure, the decreasing permeability is observed to evolve from the free-swelling envelope to the constant volume envelope. This indicates that those theoretical assumptions based on Figure 17 : Comparison between the observed coal permeability change in the lab and the theoretical solution, both of which are bounded by free swelling and constant volumetric models (the differential pressure between the confining pressure and the injection gas pressure remains at 2 MPa).
the matchstick or cubic geometry are inconsistent with the presented experimental observations. These observations support Liu et al.'s viewpoints [45] that although the experiments were conducted under controlled stress conditions, the experimental measurements are more closely related to those expected under constant volume conditions.
Conclusions
(1) Since the coal cleat permeability is higher than the coal matrix permeability, the injected gas first flows through the cleat system and then diffuses into the matrix. During this process, the bulk volume of the coal sample is observed to evolve from rapid expansion to slow expansion. This phenomenon indicates that the pore pressure within the coal sample experiences a transition from a local equilibrium state (the cleat pressure equilibrium) to a global equilibrium state (the cleat-matrix pressure equilibrium). Meanwhile, the coal permeability evolution decreases with time. The results demonstrate that laboratory measurement on coal permeability is also significantly affected by the cleat-matrix pressure state. If the pore pressure of the coal sample does not reach the global equilibrium state, then the gas permeability could be overestimated by applying the pore-pressure-dependent model (2) The coal permeability change induced by cleat-matrix interaction can be enveloped by free-swelling and constant volume boundary conditions. The results show that while permeability measurements on the coal sample are performed under stress-controlled boundary conditions, the measured permeability decreases to the envelope curve of the constant volume boundary. We show experimentally that when the cleat pressure reaches the equilibrium state, the coal permeability reduction is attributable to the swelling of matrix narrowing cleat aperture (2018TDJH102) are all gratefully acknowledged. The authors are also grateful to Nantong Feiyu Oil Science and Technology Exploration Co. Ltd. for providing testing equipment. Figure 4 (a) file includes three groups of upstream/downstream pressure versus time, where each group is colored. Accordingly, Figure 4 (b) file includes three groups of strain-time dataset, where each group is also colored. Similar to Figure 4 excel file, Figure 5 also consists of two worksheets: Figure 5 (a) and Figure 5 (b). Relevant experimental condition is constant different pressure condition. Figure 5 (a) file includes three groups of upstream/downstream pressure versus time, where each group is colored. Accordingly, Figure 5 (b) file includes three groups of strain-time dataset, where each group is also colored. Figure 7 excel file, for the constant confining stress condition, contains three groups of experimental permeability data versus time under three injection pressure conditions. Each group is colored. Figure 8 excel file, for the constant different pressure condition, contains three groups of experimental permeability data versus time under three injection pressure conditions. Each group is also colored. (Supplementary Materials) 
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